Introduction
============

Osteogenesis imperfecta (OI) is a hereditary disease characterized by bone fragility due to mutations in proteins that help support the formation of the extracellular matrix in the bone.[@b10-tacg-10-075] The severity of the disease varies depending on the gene involved, and the disease may be lethal during the first year of life or the patient may achieve a longer survival rate. The first classification of this disease[@b33-tacg-10-075] described four types of OI; in 2009, the Nosology and Constitutional Disorders ICHG of the Skeleton (INCDS) proposed a new classification, creating five groups and considering the clinical manifestations, the radiological findings, and the molecular alteration.[@b3-tacg-10-075],[@b31-tacg-10-075]

The molecular findings of OI were first described in 1983, when a deletion in the COL1A1 gene was demonstrated in a patient with OI type II.[@b8-tacg-10-075] In 2006, a mutation of the CRTAP gene was found in a patient with OI type II, being the first OI gene discovered with an autosomal recessive inheritance pattern.[@b2-tacg-10-075] Currently, 18 genes involved in the different types of OI have been recognized,[@b22-tacg-10-075],[@b37-tacg-10-075] of which 90% correspond to heterozygous mutations of the COL1A1 and COL1A2 genes.[@b25-tacg-10-075]

The diagnosis of OI begins with clinical suspicion, from phenotypic findings at birth, low-impact fractures during childhood or family history that may lead to it.[@b12-tacg-10-075] Imaging studies allow evidencing the extended bone involvement, although, in some circumstances, molecular tools are necessary.[@b9-tacg-10-075] However, the variability in the semiology of the disease does not allow establishing an early diagnosis in all cases.

This paper reports the case of a male patient who, despite undergoing multidisciplinary management, did not have a diagnosis for a long period of time, and could only be given one with the use of new health technologies like whole-exome sequencing (WES). The etiology of his condition could be established to support treatment, follow-up, and prognosis for decision-making, thus improving the quality of life of the patient and his family.[@b11-tacg-10-075]

Clinical case
=============

The clinical case, accompanied by the clinical history, photos, and laboratory results presented in this report, has the approval to be published by the parents of the patient and witnesses with the endorsement of the ethics committee of the Military Hospital of Colombia.

The medical genetics service of Hospital Militar received a 40-month-old patient in 2011, referred by the endocrinology service due to low height, delayed psychomotor development, and suspicion of mucopolysaccharidosis (MPS). The patient is the first-born child of a 25-year-old mother and a 21-year-old father, who are first-degree relatives. The mother had antenatal controls (+), eutocic delivery at 39 weeks, 2700 g at birth, 49 cm, and no NICU admission. Pathologies include left hip dysplasia and scoliosis; his first fracture occurred at 6 months in the right radius; parents deny prior hospitalizations, as well as surgical and allergic history.

Regarding development milestones, he held his head up at 9 months, sat up at 12 months, and began to produce disyllables at 18 months. He presented unstable asymmetric gait at age 2, stopped walking at 3 due to bilateral hip pain and muscle weakness, and started producing words at 2, with a high-pitched voice. [Figure 1](#f1-tacg-10-075){ref-type="fig"} shows the family tree of the patient.

The initial clinical examination showed a height of 76.5 cm (−5.50 SD), weight of 7.4 kg (−7.07 SD), cephalic perimeter of 49 cm (−0.38 SD), and BMI of 12.6 (−3.98 SD). [Figure 2A and B](#f2-tacg-10-075){ref-type="fig"} shows his anthropometric evolution until the age of 7. The patient exhibited usual non-dysmorphic facies, without blue sclera or tooth involvement, asymmetric thorax with severe rotoscoliosis, and 60° kyphosis ([Figure 3A](#f3-tacg-10-075){ref-type="fig"}). In addition, asymmetric limbs caused by the shortening of left lower limb, genu valgus, and hypotrophy were found, while no retractions, arthrogryposis, or pterygia ([Figure 3B](#f3-tacg-10-075){ref-type="fig"}) was observed. No neurological alterations were identified either.

The first diagnostic suspicion focused on MPS type IVA, which was subsequently ruled out due to normal GALNS enzyme activity. Paraclinical tests of bone metabolism were requested, initially finding hyperphosphatemia with hypercalciuria, and parathyroid hormone, Vitamin D 25, and serum calcium values within normal ranges. The patient was referred to nephrology service, where little mobilization of the patient was considered as the cause. The paraclinical follow-up is shown in [Figure 4A--E](#f4-tacg-10-075){ref-type="fig"}.

At the age of 5 years and 5 months, the patient suffered a second fracture in the proximal left femur, a third fracture at 6 years in the proximal left femur, and a fourth fracture at 6 years and 6 months in the left proximal humerus. Given this history, OI was considered, and at the age of 6 years and 6 months, a WES was requested since the symptoms of the patient were not clinically or radiologically compatible with OI type I or III.

No radiological alterations in the metaphyses and epiphyses of the long bones were seen; the callus of the fractures did not show hyper-growth, and some reduction in the bone mineral mass was observed. Iliac bones showed an abnormality in their morphology with hypoplasia in the lowest portion and left coxa valga. The spine showed severe thoracolumbar rotoscoliosis, and bone densitometry in L1--L4 showed a *Z* score of −6.6.

Finally, at the age of 7 years and 7 months, the result of the WES was obtained, showing a homozygous mutation, not reported in the literature, in the gene FKBP10, with a change in the nucleotide NM_021939.3 c.612C\>G Chr17:41,818,412 C\>G (GRCh38/hg18), p. Tyr204X, which generated a stop codon in exon 4, as seen in [Figures S1](#SD1-tacg-10-075){ref-type="supplementary-material"} and [S2](#SD2-tacg-10-075){ref-type="supplementary-material"}. The patient had a fifth and last fracture in the left proximal humerus at the age of 6 years and 8 months.

Discussion
==========

One of the first manifestations of OI is the onset of fractures at early ages;[@b14-tacg-10-075] nevertheless, there are other etiologies that should be suspected. First, it is necessary to establish whether the fracture was traumatic or not,[@b4-tacg-10-075] and once a traumatic event is ruled out -- including child abuse -- different diagnostic possibilities, such as inborn errors of metabolism, antenatal viral infection, insensitivity to pain, and skeletal neoplasms or dysplasias, should be considered.[@b6-tacg-10-075]

When approaching these diseases, Bronicki et al established four groups of pathologies based on radiographic findings: those with decreased bone density, increased bone density, presence of thin bones, and without radiographic manifestations,[@b6-tacg-10-075] finding in the first-group syndromes such as Cole--Carpenter syndrome, Hajdu--Cheney syndrome, hypophosphatemia, mucolipidosis II, Stuve--Wiedemann syndrome, or Bruck syndrome,[@b1-tacg-10-075] the latter being a differential diagnosis and with allelic heterogeneity with OI type XI.

The clinical history, the biochemical paraclinical tests, and the radiology of the patient described in this study did not provide enough information for a definitive clinical approach, and only after new genomic health technologies were available in the country, establishing a definitive diagnosis was possible. This report exposes the 29th case of a patient affected with OI type XI and the 18th mutation in the FKBP10 gene that causes this pathology. This diagnosis was given when the patient was already 7 years old, considering that his first fracture occurred at the age of 6 months. Only with the use of robust molecular tools such as the exome, this new mutation could be identified.

The OI type XI is due to the mutation in the FKBPP10 gene that encodes for the FKBP65 protein.[@b30-tacg-10-075] This protein has a molecular weight of 65 kDa, has the function of a chaperone, and is located in the lumen of the endoplasmic reticulum[@b23-tacg-10-075] in colocalization with tropoelastin, helping in the folding of the three helices of the type 1 procollagen.[@b23-tacg-10-075] Its chaperone activity is compared with the protein disulfide isomerase, and it has another function of peptidyl prolyl isomerase type, which assists in the folding of tropoelastin 1.

In 1979, Van Dijk and Sillence[@b28-tacg-10-075],[@b32-tacg-10-075] classified OI into four types: type I with mild involvement, caused by a quantitative deficiency of collagen; type II with lethal involvement; and types III and IV with severe and moderate involvement, respectively.[@b23-tacg-10-075] However, the classification has constantly changed due to the broad phenotypic spectrum, the heterogeneity in the mechanisms of inheritance, and the allelic variation (involvement of new genes).[@b16-tacg-10-075]

In 2004, Rauch and Glorieux[@b27-tacg-10-075] expanded the classification by adding types V, VI, and VII, and describing the recessive inheritance for the types VI and VII as a new finding.[@b13-tacg-10-075] In 2009, the INCDS proposed a new classification, creating five groups based on clinical manifestations, radiological findings, and molecular alteration[@b17-tacg-10-075] as follows: 1) OI type 1 or nondeforming OI with blue sclera; 2) OI type 2 or perinatal lethal OI in which involvement is much more severe; 3) progressively deforming OI or OI type 3, with multiple neonatal or infant fractures that lead to bone deformities; 4) the common variable OI type 4, with recurrent fractures, deformities in long bones and vertebrae, normal sclera, and mild hearing impairment;[@b19-tacg-10-075] and 5) OI type 5, or OI with calcifications in interosseous membranes, which also shows greater susceptibility to the formation of hyperplastic bone callus after a fracture or a surgical intervention.[@b17-tacg-10-075] Our patient belongs to type 3, according to this classification.

The diagnosis of OI is variable and depends mostly on the clinical manifestations presented by the patient. Being diagnosed helps patients and relatives to understand better the prognosis and development of the disease, and also allows health care personnel to have more clarity in their interventions.[@b7-tacg-10-075] Therefore, insisting on adequate endophenotypic descriptions of these cases is critical; in addition, using health technologies can lead to the etiologic finding in an adequate and timely manner.[@b15-tacg-10-075]

Unfortunately, the specific clinical data provided by the literature on the 28 patients with OI type XI are limited and heterogeneous, and therefore, detailed information on the natural history of this disease is not available yet. For example, regarding the age of onset of the first fracture, 13 of the 28 individuals exhibited an average at 6 months (the same as the Colombian patient); the number of fractures reported ranged from one to 100 in seven of the 28 patients (Colombian patient, five fractures); in 24 of the 28 patients, the first bone affected was long; of the 28 patients reported, 13 used wheelchairs, and three did not; the patients alive so far (22 of 28) are within the age range from 5 months to 46 years, and the average age of molecular diagnosis was 16.2 years (±12.6), with the age of diagnosis of our patient being the third earliest reported in the literature ([Table 1](#t1-tacg-10-075){ref-type="table"}).

With the increased use of molecular tools, multiple genes involved in OI have been found. Genes COL1A1, COL1A2, and others are classified in seven groups depending on the molecular pathway affected in the following: synthesis of collagen; defects in the structure or in the amount of collagen available; defects in the "prolyl-3-hydroxylase complex", in the lysyl hydroxylase telopeptide, and in the chaperone proteins; and regulation of the bone metabolism with involvement of genes with unknown functions.[@b20-tacg-10-075],[@b21-tacg-10-075] Currently, proper genetic counseling to establish the risk of recurrence or to project the behavior of some types of OI is possible if the mutated gene is identified, which allows predicting whether bone deformities will be found or not, as in types 1 and 4, respectively, and hence the importance of the molecular result.[@b1-tacg-10-075],[@b26-tacg-10-075]

Molecular aids to diagnose OI consist in, besides the Sanger sequencing, next-generation sequencing (NGS) tools such as multigenic panels and exome sequencing, covering between 4,600 and 21,000 genes. The advantages of NGS over Sanger include a higher diagnostic performance, and a higher performance in relation to costs and time of analysis.[@b1-tacg-10-075] In the particular case of this patient, who has a wide clinical heterogeneity (fractures, low stature, high-pitched voice, severe scoliosis, and absence of severe bone deformities), when using exome sequencing, the target of genes to be analyzed is greater, increasing the probability of finding the affected gene.

In the case of this patient, the use of multigenic panel was not considered because of the cost, which is higher than for WES; moreover, OI was not initially suspected and -- as mentioned above -- there was high clinical heterogeneity. According to the guidelines of the Canadian College of Medical Genetics, in such a case, using WES is advisable.[@b5-tacg-10-075] Some studies have analyzed the costs generated by the diagnostic odyssey in specific diseases, such as epilepsy[@b19-tacg-10-075] or chronic neurodegenerative diseases[@b5-tacg-10-075] among others; however, so far, reports of the costs generated for patients with skeletal dysplasia are not found. Costs, during the period of time in which a definitive diagnosis is not given, include the time lost by the patient and his family, the decreased quality of life, and the economic losses.[@b19-tacg-10-075]

Soden et al analyzed the repercussions of the diagnostic odyssey in 119 patients with neurodegenerative diseases, describing an average time of 8 years for obtaining a final diagnosis, which is similar to that reported in our patient (7 years), with an economic cost of US\$19,000 per family (US\$3,248--55,321) spent in tests performed before the WES/whole genomic sequencing.[@b29-tacg-10-075]

Information on quality of life was more difficult to assess due to the absence of a quantitative scale; however, Joshi et al[@b38-tacg-10-075] mentioned that when the diagnosis is established in patients with epileptic encephalopathies, general recognition by each family is possible because they know the origin and prognosis of the pathology in each patient. With this in mind, advantages in both economy and quality of life can be evidenced in the cases of rare diseases with difficult diagnoses, since the use of health technologies such as NGS is cost-effective even in cases of bone dysplasias such as OI.

Conclusion
==========

This case report describes the second Latin American case with a molecularly confirmed diagnosis of OI type XI -- the first case was reported by Alanay in 2010[@b1-tacg-10-075] -- with a new mutation in the gene FKBP10, consanguineous parents, and a moderate clinical evolution, in relation to what was reported for the other 28 patients studied worldwide. Only with the use of advanced molecular aids, such as the WES, was it possible to find the etiological element and to finish the diagnostic odyssey of nearly 7 years, which will have an impact, in the short term, on the integral management of the patient and his family. The use of the NGS in patients with ultrarare genetic diseases, including skeletal dysplasias, should be justified when clear clinical criteria and an improvement in the quality of life of the patients and their families are intended while reducing economic and time costs.

Supplementary materials
=======================

###### 

Image of Chr17 variant (GRCh38):g.41818412C\>G seen by NGS.

**Abbreviation:** NGS, next-generation sequencing.

###### 

Image of the electropherogram of the confirmation of the pathogenic variant Chr17 (GRCh38):g.41818412C\>G p.Tyr204\*.
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![Family tree of the patient with OI type XI.\
**Abbreviation:** OI, osteogenesis imperfecta.](tacg-10-075Fig1){#f1-tacg-10-075}

![Anthropometric evolution of a patient with OI type III: (**A**) weight vs. age and (**B**) height vs. age. Growth charts were developed by Frank Rauch for patients with OI type III.\
**Abbreviation:** OI, osteogenesis imperfecta.](tacg-10-075Fig2){#f2-tacg-10-075}

![Physical examination of a patient with OI type III: (**A**) thorax and (**B**) lower limbs with hypotrophy and genu valgus.\
**Abbreviation:** OI, osteogenesis imperfecta.](tacg-10-075Fig3){#f3-tacg-10-075}

![Paraclinical follow-up of a patient with OI type III: (**A**) values of 25-hydroxyvitamin D, (**B**) serum levels of parathyroid hormone, (**C**) levels of alkaline phosphatase, (**D**) levels of serum calcium, and (**E**) level of inorganic phosphorus in serum.\
**Abbreviations:** OI, osteogenesis imperfecta; PTH, parathyroid hormone.](tacg-10-075Fig4){#f4-tacg-10-075}

###### 

Compendium of patients with OI with mutations in the gene *FKBP10*

  Gender   Age at 1st fracture (months)   Number of fractures at 10 years   Group of the 1st affected bone   Age at clinical diagnosis   Age at molecular diagnosis (years)   Use of wheelchair   Age at the time of the study (years)   Type of mutation   Consanguinity                                                                             Reference   
  -------- ------------------------------ --------------------------------- -------------------------------- --------------------------- ------------------------------------ ------------------- -------------------------------------- ------------------ ----------------------------------------------------------------------------------------- ----------- --------------------------------------
  1        F                              NA                                NA                               Long                        NA                                   NA                  NA                                     NA                 Homozygous 33-base-pair deletion (c.321_353del), deletion of 11 aa (Gly107 Leu117del)     Yes         Alanay et al[@b1-tacg-10-075]
  2        M                              NA                                NA                               Long                        NA                                   NA                  NA                                     NA                 Homozygous 33-base-pair deletion (c.321_353del), deletion of 11 aa (Gly107 Leu117del)     Yes         Alanay et al[@b1-tacg-10-075]
  3        F                              NA                                NA                               Long                        NA                                   NA                  NA                                     NA                 Homozygous 33-base pair deletion (c.321_353del), deletion of 11 aa (Gly107 Leu117del)     Yes         Alanay et al[@b1-tacg-10-075]
  4        F                              NA                                NA                               Long                        NA                                   NA                  NA                                     NA                 Homozygous 33-base-pair deletion (c.321_353del), deletion of 11 aa (Gly107 Leu117del)     Yes         Alanay et al[@b1-tacg-10-075]
  5        F                              NA                                NA                               Long                        NA                                   12                  No                                     12                 Homozygous c.831_832insC (p.Gly278ArgfsX295) stop codon 17 aa downstream                  Yes         Alanay et al[@b1-tacg-10-075]
  6        M                              NA                                NA                               Long                        NA                                   16                  Yes                                    16                 Homozygous c.831_832insC (p.Gly278ArgfsX295) stop codon 17 aa downstream                  Yes         Alanay et al[@b1-tacg-10-075]
  7        M                              NA                                NA                               Long                        NA                                   18                  Yes                                    18                 Homozygous c.831_832insC (p.Gly278ArgfsX295) stop codon 17 aa downstream                  Yes         Alanay et al[@b1-tacg-10-075]
  8        M                              9                                 70--100 in lifetime              Long                        9 years                              46                  Yes                                    46                 Homozygous into a stop codon (c.1207C\>T, FKBP65-p.Arg403)                                Yes         Steinlein et al[@b34-tacg-10-075]
  9        M                              1                                 70--100 in lifetime              Long                        1 year                               44                  Yes                                    44                 Homozygous into a stop codon (c.1207C\>T, FKBP65-p.Arg403)                                Yes         Steinlein et al[@b34-tacg-10-075]
  10       M                              1                                 70--100 in lifetime              Long                        1 year                               43                  Yes                                    43                 Homozygous into a stop codon (c.1207C\>T, FKBP65-p.Arg403)                                Yes         Steinlein et al[@b34-tacg-10-075]
  11       M                              1                                 NA                               NA                          Birth                                7                   Yes                                    7                  Homozygous mutation c.976delA (p.Met326Trpfs∗39) in exon 6 of the FKBP10 gene             Yes         Seyedhassani et al[@b35-tacg-10-075]
  12       F                              1                                 5--6                             Long                        2 years                              6                   Yes                                    11                 c.743dupC                                                                                 Yes         Shaheen et al[@b36-tacg-10-075]
  13       F                              6                                 2--3                             NA                          5 years                              14                  No                                     14                 c.743dupC                                                                                 Yes         Shaheen et al[@b36-tacg-10-075]
  14       M                              1                                 3                                Long                        8 years                              17                  Yes                                    17                 c.743dupC                                                                                 Yes         Shaheen et al[@b36-tacg-10-075]
  15       M                              48                                1--2                             NA                          48 years                             NA                  Yes                                    12                 c.743dupC                                                                                 Yes         Shaheen et al[@b36-tacg-10-075]
  16       M                              1                                 NA                               NA                          10 months                            1                   NA                                     0.8                c.831dupC                                                                                 Yes         Shaheen et al[@b36-tacg-10-075]
  17       F                              1                                 ND                               Long                        1 year                               12                  No                                     12                 Homozygous FKBP10 c.1271_1272delCCinsA mutation                                           Yes         Barnes et al[@b3-tacg-10-075]
  18       M                              NA                                NA                               Long                        NA                                   17                  Yes                                    17                 Homozygous substitution of G with A at nucleotide position 1490 (c.1490G4A; p.Trp497)     Yes         Umair et al[@b32-tacg-10-075]
  19       M                              NA                                NA                               Long                        NA                                   10                  Yes                                    10                 Homozygous substitution of G with A at nucleotide position 1490 (c.1490G4A; p.Trp497)     Yes         Umair et al[@b32-tacg-10-075]
  20       F                              NA                                NA                               Long                        NA                                   NA                  NA                                     NA                 Homozygous substitution of G with A at nucleotide position 1490 (c.1490G4A; p.Trp497)     Yes         Umair et al[@b32-tacg-10-075]
  21       F                              NA                                NA                               Long                        NA                                   15                  NA                                     15                 Homozygous substitution of nucleotide G with A at position 344 (c.344G4A; p.R115Q)        Yes         Umair et al[@b32-tacg-10-075]
  22       F                              NA                                NA                               Long                        NA                                   NA                  NA                                     NA                 Homozygous substitution of nucleotide G with A at position 344 (c.344G4A; p.R115Q)        Yes         Umair et al[@b32-tacg-10-075]
  23       F                              NA                                NA                               Long                        NA                                   11                  NA                                     11                 Homozygous substitution of nucleotide G with A at position 344 (c.344G4A; p.R115Q)        Yes         Umair et al[@b32-tacg-10-075]
  24       M                              NA                                NA                               Long                        NA                                   12                  NA                                     14                 Homozygous duplication of a nucleotide C at position 831 (c.831dupC; p.Gly278ArgfsX295)   Yes         Umair et al[@b32-tacg-10-075]
  25       M                              NA                                NA                               Long                        NA                                   17                  NA                                     17                 Homozygous duplication of a nucleotide C at position 831 (c.831dupC; p.Gly278ArgfsX295)   Yes         Umair et al[@b32-tacg-10-075]
  26       F                              NA                                NA                               Long                        NA                                   18                  Yes                                    18                 Homozygous duplication of a nucleotide C at position 831 (c.831dupC; p.Gly278ArgfsX295)   Yes         Umair et al[@b32-tacg-10-075]
  27       F                              1                                 3--5 years                       Long                        3 years                              3                   Yes                                    3                  c.21dupC p.(Ser8Glnfs 67)                                                                 Yes         Caparrós et al[@b37-tacg-10-075]
  28       F                              1                                 NA                               Long                        5 months                             1                   No                                     0.4                c.689T\>C p.(Ile230Thr)                                                                   Yes         Caparrós et al[@b37-tacg-10-075]
  29       M                              6                                 1                                Long                        7 years                              7                   No                                     7                  Homozygous MN-021939.3:C612\>G Chr 17 (GRCh 38): 41818412C\>G                             Yes         Case report of this article

**Note:** This table was created by the authors of this article based on the results reported in the articles referenced in the last column of the table.

**Abbreviations:** OI, osteogenesis imperfecta; NA, not available.
